The kinetics, the mechanism and the thermodynamics of activated state of formation of primary strontian feldspar via sinter-crystallization of non-equilibrium melt during the thermal treatment of ceramic body was investigated in this work via differential thermal analysis using isoconversional Kissinger kinetic equation. The process of formation of non-equilibrium melt and subsequent crystallization of primary strontian feldspar requires the activation energy of 6317 3 and 664 7 2 kJ mol À 1 , respectively. The investigation of mechanism of formation of primary strontian feldspar reveals that the process is driven by the surface nucleation and diffusion controlled growth of the new phase. The nucleation rate decreases with the time of process and non-equilibrium melt can be formed only in metastable equilibrium with activated state of strontian feldspar. Deep consideration of kinetic data leads to the deduction of new kinetic approach that enables single calculation of activation energy and frequency factor of heterogeneous processes as well as the dependence of thermodynamic parameters of activated state on temperature. Further consideration of kinetic data reveals that the activation energy is directly proportional to the function of csch (z)þ 1. For z ¼e, this term enables to derive the value for the parameter B(x) in empirical equation for Arrhenius temperature integral p(x) proposed by Doyle to be 1.0642.
Introduction
Feldspars are intensively studied due to their importance in petrography [1, 2] , understanding the Earth's geology [2, 3] , soil sciences, where some clay minerals are produced by weathering of feldspars directly or through intermediate phases [4, 5] , as well as in the production of ceramics, glass and glass-ceramics [6] [7] [8] [9] . Ground rocks of potassium feldspar have also wide efficiency as a fertilizer [10] . The composition of this subclass of silicate minerals, i.e. tectosilicates with Al-Si framework [11] , is described by the formula MT 4 O 8 (or M x T y O 8 , where y reaches 4 and the parameter x does not fall below 0.975 [12] ). Feldspars are the most abundant minerals in the Earth's crust (60-64% by weight) [13, 14] . T-sites (aluminosilicate framework) are occupied by small strongly charged cations (typically Si 4 þ and Al 3 þ ) and M-sites (interstices)
are occupied by larger, weakly charged cations (Na þ , K þ , Ca 2 þ , Sr 2 þ , Ba 2 þ , …). Feldspars can be characterized by the content of all 92 naturally occurring elements [12] . In Na-and K-feldspars, Si 4 þ and Al 3 þ can be completely replaced by Ga 3 þ and Ge 3 þ [15] .
Synthetic strontian feldspar (Sr-celsian, strontium aluminosilicate feldspar, SAS, SrAl 2 Si 2 O 8 ) is of great technological interest due to low thermal expansion coefficient [16, 17] ), low and thermally stable dielectric constant, low dielectric losses, high mechanical strength, chemical inertness, and high melting temperature. Therefore they are known as the materials for the matrix of fiberreinforced ceramic composites, protective coatings, electro-ceramics and refractories [18] [19] [20] [21] [22] [23] [24] [25] as well as for the preparation of glass ceramics [26] [27] [28] and luminescent pigments of MAl 2 Si 2 O 8 :X n þ ;
where M¼ Ca, Sr, Ba and X n þ denotes ions of doped element [29] [30] [31] [32] [33] [34] [35] . Previous investigation of reaction mechanism, kinetics and thermodynamics of the process of formation of synthetic strontian feldspar via ceramic route [36] revealed that the main reaction pathway is initiated by the thermal decomposition of SrCO 3 and continues with the formation of binary oxide intermediates and primary strontian feldspar via the crystallization from non-equilibrium melt. The reactions between intermediates or the reaction of these intermediates with SiO 2 and Al 2 O 3 leads to the formation of secondary strontian feldspar. Large plate-like particles of Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/ceramint tertiary strontian were formed by recrystallization of primary and secondary strontian feldspar. The formation of strontian within the temperatures over 1150°C is driven by the kinetics of chemical reaction of 1.5 order and requires the average apparent activation energy of 229.3 kJ mol À 1 .
This work expands these foundations by detailed investigation of reaction mechanism, kinetics and thermodynamic of the process of formation of synthetic primary strontian feldspar as an essential part of the main reaction pathway. The investigation of kinetic results and thermodynamic data of activated state enables to formulate proper equations to determine the activation energy, the frequency factor as well as the relations describing the dependence of enthalpy, entropy, volume and density of transition state on temperature. Since the synthetic strontian feldspar was sometimes abbreviated as strontian in the text of previous work [36] , in order to avoid confusion with the mineral strontianite [37] , this abbreviation is not used in this work.
Experimental

Synthesis and analysis of properties of sample
Raw meal for the synthesis of strontian feldspar was prepared by mixing strontium carbonate (SrCO 3 ), alumina (Al 2 O 3 ) and silica (SiO 2 ) in the mass ratio of 1.45:1:1.18, which corresponds to the stoichiometric composition of SrAl 2 Si 2 O 8 (SrO Á Al 2 O 3 Á 2SiO 2 ). The initial homogenization of raw meal was performed by short milling (5 min) with vibration laboratory mill. The kinetics of formation of primary strontian feldspar during the thermal treatment of raw meal was investigated by TG-DTA (TG-DTA analyzer SDT Q600). 30 mg of sample were heated in the air conditions (100 cm 3 min À 1 ) under the rate from 5 to 20°C min
. The other aspects of the process of strontian feldspar synthesis are described in previous work [36] .
Applied kinetic approach
The kinetic triplet of the process includes the information about the activation energy, the frequency factor and the mechanism. The apparent activation energy (E a ) and the frequency factor (A) of investigated process were evaluated by the mechanism-free maximum rate (peak) method of type B [38] based on the Kissinger kinetic approach [39] [40] [41] . The peak temperature (T m ), i.e. the temperature at which the rate of investigated process (dα/dt) reaches its maximum, is a stationary point where the transformation rate is equal to zero [38, 40, 42, 43] :
where α is the fractional conversion, t is the time and k(T) is the proportionality factor known as the rate constant at absolute temperature T. α (fraction reacted [44] ) is readily determined as a fractional change of any physical property associated with the reaction progress, e.g. the mass change during the thermal decomposition of solids [45] :
where m 0 , m t and m f are initial (t ¼0), measured at time t and final masses.
The particular function f(α) which is proportional to the amount of reactant is known as the "kinetic model" (the concept given by Eq. (1) was introduced by Guldberg and Waage [46] [47] [48] as the "law of mass action"). Therefore, the temperature dependence of the reaction rate constant is given by the Arrhenius law [49] :
it can be further derived [41] :
Assuming that the heating rate is constant but not equal to zero
where α m is the fractional conversion (or the degree of transformation [41] ) reached for the temperature T m and R is the universal gas constant (8.314 J K À 1 mol
is assumed as a constant, i.e. is independent of Θ or T m . Eq. (6) can be solved for Θ/T m 2 and expressed via its logarithm form:
For the reaction of first-order (n¼ 1), where (f(α) ¼1 À α) is f (α m )¼ À1 and term ln ( À f´(α)) ¼0, can then be written [41] :
A generalized solution of Kissinger equation containing the solution of f´(α) for common forms of f(α), i.e. the reaction mechanism or the kinetic model, and for near equilibrium solid-gas heterogeneous transformations, can be found in works [50] [51] [52] , respectively.
The combination of the second derivative equation (Eq. (4)) with the kinetic model of Freeman and Carroll [53] , where f(α) ¼
n , leads to the equation for the reaction of nth-type, which can be written as follows [54, 55] :
where term (1 Àα m ) is the fraction of remaining sample, i.e. not reacted [44] , which is the constant for given value of n. The points on the plot of ln (AR/E a ) versus T m À 1 were fitted by the straight line with the slope equal to À E a /R, i.e. E a ¼ ÀR (∂(ln Θ/T m 2 )/ ∂(1/T m )), whereas the intercept yields to the constant term of Eq. (9) . For most kinetic models, the percent error in the calculation of the activation energy is below 2% if E a /RT m 410 [41, 54, 56] .
The mechanism was estimated from the shape of DTG peak via the value of kinetic exponent (n) which is related to the empirical order of reaction [39] . The exponent can be calculated from the equation derived by Augis and Bennet [57, 58] :
where w 1/2 is a half-width (width at a half height) of peak. The value of kinetic exponent is typical for various mechanisms of the investigated process [59] . According to this relation, sharp peak (small w 1/2 and large n) implies a bulk crystallization, while broad peak (small w 1/2 and large n) signifies a surface crystallization [60] . The value of parameter n can be also determined from the shape index of the DTA peak [51] .
Investigation of thermodynamics of activated state
The calculation of the transition-state thermodynamic functions of investigated process is based on the Eyring (or EyringPolanyi) equation [61] , which resembles the Arrhenius law (Eq. (3)) [49] for the temperature dependence of the rate constant (k(T)) [62] [63] [64] :
where the pre-exponential factor is expressed by the term:
The transitional term, i.e. the ratio of partition functions for rotation and vibration Q #* /Q r , is usually chosen similar for the reactant (r) and activated complex and can be excluded [65] . 
Results and discussion
The kinetics, mechanism and thermodynamics of activated state of the process of sinter-crystallization of primary strontian feldspar from non-equilibrium melt was evaluated from the results of differential thermal analysis. The TG-DTA plot in Fig. 1  (a) shows the behavior of raw meal treated with the heating rate of 5, 7, 10, 15, 17 and 20°C min À 1 . The course of synthesis, the reaction between individual components of raw meal and formed intermediates are described in detail in previous work [36] . The change of the peak temperature and other peak parameters ( Fig. 1  (b) ) during the processes of endothermic formation of non-equilibrium melt (T m1 in detail in Fig. 1(a) ) and exothermic sintercrystallization of strontian feldspar (T m2 ) with the heating rate was utilized for the determination of the kinetic constants of sintercrystallization process of primary SrAl 2 Si 2 O 8 .
The ascertained dependence of peak temperature (T mi , where i¼1 for the formation of non-equilibrium melt and 2 for the crystallization of primary strontian feldspar) on heating rate ( Fig. 2 (a) and (b)) can be accurately fitted by the power law:
where parameter a i is the peak temperature
for Θ¼1 K min À 1 and scaling exponent b i is given by the di-
where T´¼ E a /R (please refer to Eq. (23)). That means that the peak temperature is proportional to the heating rate raised to the RT mi,Θ ¼ 1 /E ai power. (Fig. 2 ).
The apparent activation energy and the constant term for the computation of frequency factor were determined from the slope of logarithmic form of Kissinger equation (Eq. (9)), which was depicted in Fig. 3 in usual form of Kissinger plot. The overview of kinetic results derived from experimental and the sum of experimental and extrapolated data are listed in Table 1 .
The value of E a1 , i.e. the apparent activation energy of the process of formation of non-equilibrium melt, is determined to be 633724 kJ mol À 1 (a). The value of E a1 calculated from the sum of experimental and calculated peak temperatures is 63173 kJ mol
(please refer to the detail of Fig. 3(a) ). The process of sinter-crystallization of primary strontian feldspar requires the activation energy (E a2 ) of about 65877 kJ mol À 1 (b). The apparent activation energy resulting from the combination of both sets of data, i.e. the experimental and the calculated points, is 66472 kJ mol À 1 (detail of Fig. 3 (b)). The original and extended sets of data are in satisfying conformity for both investigated processes. The detail of Fig. 1 (a) provides an option to evaluate the process of sinter-crystallization of strontian feldspar (E a2 ) directly from single DTA experiment. The temperature difference between endothermic peak of formation of non-equilibrium melt (T m1 ) and exothermic peak of crystallization of primary strontian feldspar (T m2 ) is independent of the heating rate
means, that the dimensionless value of term E a2 /R(1/T m1 À1/T m2 ) must be a constant value (1.40 70.03) as well. The activation energy for the process of sinter-crystallization of strontian feldspar can be then estimated from single DTA measurements as follows:
This behavior results from a specific nature of sinter-crystallization process of non-equilibrium melt. As results from the comparison of Eq. (17) with Eqs. (3) and (37), the left side of this equation is given by the difference ln k m2 À ln k m1 ¼ln (k m2 /k m1 ). Therefore, the activation energy of both processes must be almost the same (E a1 /E a2 ¼1.04). And more importantly, the detail of Fig. 1 (a) also shows, that the temperature of the second inflex point of the peak related to the formation of non-equilibrium melt is the same as the temperature of the first inflex point of the peak of sinter-crystallization of primary strontian feldspar.
In other words, there is no individual temperature region (plateau) related to the non-equilibrium melt. It means, that this in principle thermodynamically unstable melt can be present only in metastable equilibrium with activated state of strontian feldspar and its occurrence must be bond to the reaction zone between original and newly formed phase (it cannot be distributed randomly). The fact, that this behavior requires a certain amount of product at the initial stages of formation of non-equilibrium melt can be explained by the induction period. Table 1 The overview of kinetic data related to the formation of primary strontian feldspar. The chart of the process mechanism and energetics can be illustrated by Fig. 4(a-c) . Since the interlayer of non-equilibrium melt is able to reduce the strain stress on the interface via the change of orientation of newly formed layer of the product (c), there is a reason to assume that described mechanism is responsible for mutual polysynthetic or multiple twinning of feldspars (Fig. 4 (c and d) ) [36, 67] . Since both the processes show mutual highest energetic barrier equal to E a2 and E a2 /E a1 ratio E 1 (Eq. (17)), the sinter-crystallization of strontian feldspar from nonequilibrium melt should be designated as a quazi-isoactivated process.
The analysis of experimental data leads to the deduction and verification of the following approach for single calculation of the activation energy:
. 
That means that the number of required non-isothermal experiments for the determination of activation energy can be reduced to even a single measurement if Θ¼1°C min
Since the value of term (const.´´) is usually close to one, it can be replaced by the average experimental value of 1.12 70.16 (Table 2 ). This value is in an agreement with the value deduced from Eq. (40) which leads to the term const.´´¼csch (e)þ 1 ¼1.1326. Furthermore, const." can be also calculated directly for the investigated process using the relation derived from the combination of Eq. (18) with 10 as follows: 
As can be seen from numerous examples introduced by Table 2 , this relation can be used for the investigation of heterogeneous kinetics of wide range of processes with well-defined stoichiometry (Eqs. (18) and (19)) or known reaction order (Eq. (21)), such as the dehydroxylation of clay minerals, the decomposition of carbonates, the synthesis of binary oxides, the preparation of synthetic analogs of minerals, etc.
Although a good agreement can be found between the results calculated by Eq. (18) and the data published in literature (Table 2) ) is reached at experimentally measured peak temperature T m,Θ ¼ 1 , there must be a direct relation between this rate (and value E a as well) and the peak temperature, which can be solved as follows:
where the temperature T´is given by the ratio:
That means that: 
As is proved bellow (refer to the discussion to Eqs. (39)- (42) and:
The value of constant term const.´´(Eq. (20)) or (const.´´´) 2 can be then used to calculate the frequency factor of investigated process as follows: (please refer to discussion of Eq. (43)).
The value of kinetic factor was calculated according to Eq. (10) using assessed value ( Fig. 1 (b) ) of average peak half-width, which was determined to be 43.2 73.3 and 33.6 72.9°C for the process of formation of non-equilibrium melt and for sinter-crystallization of strontian feldspar, respectively. The temperature dependence of kinetic factor on the heating rate is shown in Fig. 5 . This trend can be accurately described by the power law: (Fig. 5(a) ), i.e. the value of n 1 for Θ-1, and s 1 for the process of formation of non-equilibrium (please refer to the discussion to Eqs. (44) and (46)) and M # from Eq. (20) and its difference from experimental value is introduced in brackets. The value of A is given for the cases for which the required data are available. b Calculated with experimental points only ( That enables to determine the mechanism of sinter-crystallization of primary strontian feldspar as the process driven by decreasing nucleation rate of new phase and by the diffusion controlled growth of nuclei [59] . The shape of DTA peak as well as the value resulting from Eq. (17) with the work of Marotta et al. [79] indicate that the nuclei of primary strontian are formed by the surface nucleation. Decreasing amount of non-equilibrium melt with increasing temperature reduces then the nucleation rate while the diffusion growth is accelerated.
The average fractional conversion of the process of formation of non-equilibrium melt (α m1 ) and primary strontian feldspar (α m2 ) was determined via the integration of DTA peak to be 54.373.9% and 47.471.8%, respectively. The assessed values of n i and α mi then enable to calculate the frequency factor from the constant term of Kissinger equation (Eq. (9)). The value of frequency factor for the formation of non-equilibrium melt calculated from experimental and from the sum of experimental and extrapolated results is (0.9072. 17 Table 3 . Positive value of entropy (ΔS # 40) of both processes corresponds to higher probability of formation of activated complex, i.e. the reaction is faster, than in the case when ΔS
The average values of ΔH # and ΔS # which are determined within investigated interval of heating rate correspond to the parameters of Eyring plot ( Fig. 7(a) ) and these results are also listed in Table 3 . The temperature dependence of ΔG # (Fig. 6) enables to calculate the theoretical equilibrium temperature
, where subscripts 1 and 2 correspond to non-equilibrium melt and strontian feldspar) to be 2208 K. Hence, as results from Eq. (13), the term ΔH 2 # À ΔH 1 # ¼ΔE a ¼24.9 kJ mol À 1 (Fig. 4) , and the corresponding difference in ΔS 2
It is obvious that, the value of ΔH # ¼0 and ΔG
is equal to the temperature (Eq. (23)), the isobaric thermal capacity of activated state can be calculated as follows:
for all values of T m determined from DTA. The value corresponding to R, can also be derived by the substitution from Eqs. (13)- (30) . From that, the temperature dependence of change of enthalpy and entropy of activated state can also be derived (please refer to discussion of Eq. (24)), as follows: That means that the value of ΔH # decreases at about isobaric heat À RΔT (Eq. (31)), i.e. for reversible isobaric work À pΔV m # , which could be utilized for isobaric expansion [p] during the change of temperature from T 1 to T 2 ( Fig. 7(b) ), i.e. for the dilatation contribution to the heat capacity of ideal gas. Therefore, it could be further derived (Mayer´s law [81, 82] ) that the isochoric heat capacity of activated state decreases for the value of 2R (Eq. . The density of activated state can be then calculated as follows:
Since the temperature dependence of ρ 
where the mass flux for activated state is
This behavior also enable to deduce that energetic density of activated state, i.e. kinetics of the process, could be also affected via potential of force field (ϕ), so that it can be written:
Eq. (11) enables to calculate the value of set of isothermal rate constants, which were presented in the form of Arrhenius plot, i.e. via the dependence of ln k on the reciprocal temperature, in Fig. 8 (a). The slope ( À E a /R) and the intercept (ln A) lead to the same value of activation energy and frequency factor as was previously determined via the Kissinger equation (Eq. (9)). The value of rate constant for the temperature of 25°C (Table 3) , which was determined via the linear fit of Arrhenius plot, can be then used to recalculate to any temperature via the following equation [78] : 
It was empirically found that wide range of mineral reactions can be described by the general form of Eq. (39) , [83] . Further separation of variables and their integration leads to the KJMA equation [59, 83] , where the term 1/n has been incorporated into the rate constant [83] :
Eqs. (37) and (38) can be then used to calculate t(α m2 ), i.e. the time at which the fractional conversion reaches given value of α m2 at isothermal temperature corresponding to T m2 . The value of α m2 from Table 1 is used in order to approximate the fixed stage of reaction, i.e. the time at which a fixed transformed fraction of total amount is achieved, by the time when the process reaches the maximum transformation rate. These data also result in the straight line kinetic plot for the dependence of ln t(α m ) on reciprocal temperature (Fig. 8(b) ), which provides very similar activation energy and frequency factor as Kissinger ( Fig. 3(b) ) and Arrhenius plot (Fig. 8(a) ).
Determined kinetic data were used to estimate the course of the process of formation of primary strontian feldspar under isothermal conditions. The exponential time dependence of fractional conversion for temperatures corresponding to T m2 is shown in Fig. 9(a) . The temperature dependence of time, which is required to reach given degree of conversion is depicted in Fig. 9(b) . These data reveal that the time corresponding to given value of degree of conversion and the temperature can be calculated according to the equations:
The value of parameter q can be derived from the linear fit (Fig. 9(c) ): 
, there is a relation to temperature-rate kinetic coefficient (Eq. (25)), which can be expressed by the formula:
The combination with (Eqs. (18)- (28)(a)) then leads to the expression: 
which explains the relation of parameter z to specific gas constant ( Table 2 .
The substitution of this term to Eq. (18) enables to calculate a plane ( Fig. 10(a) where the overview of kinetic function F(α)¼kt can be found in the following literature [87] [88] [89] . Published value for term B(x) ranges from 1.195 to 1.034 with the average value of 1.052 [90, 91] .
Conclusion
The investigation of kinetics and thermodynamics of activated state related to the process of sinter-crystallization of primary strontian feldspar from non-equilibrium melt during the thermal treatment of ceramic body reveals a quazi-isoactivated process, where non-equilibrium melt cannot be distributed randomly, but exists only in equilibrium with activated state of strontian feldspar. Since the occurrence of non-equilibrium is restricted to the reaction zone between original and newly formed phase, there is the mechanism, which enables to explain the polysynthetic intergrowth or multiple twining of feldspars. The process of formation of non-equilibrium melt and subsequent crystallization of primary strontian feldspar requires the activation energy of 631 73 and 664 72 kJ mol À 1 , respectively. to about isobaric heat À RΔT and ÀR Á ln (T 2 /T 1 ), respectively. The density of activated state is inversely proportional to the temperature and the energetic density of activated state is equal to the pressure. Moreover, the translation rate along the reaction coordinate is inversely proportional to the square root of the mass of activated state. Further investigation of kinetic data reveals that the activation energy is directly proportional to the term csch (z)þ 1. For z ¼e, this term enables to derive the value for parameter B(x) in empirical equation for the Arrhenius temperature integral p(x) proposed by Doyle to 1.0642 which is in good agreement with the average value from published experimental data.
